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Sox9 encodes a HMG-box transcription factor that has been implicated in numerous developmental processes including chondrogenesis,
formation of cardiac valves, and neural crest, testis and spinal cord development. Here we show that Sox9 is expressed in the notochord and the
sclerotome during mouse development suggesting that the gene may play additional roles in the development of the axial skeleton. We used
ubiquitous mosaic inactivation of a conditional Sox9 allele by Cre/loxP-mediated recombination in the mouse to screen for novel functions of
Sox9, and revealed that its absence results in severe malformations of the vertebral column. Besides its established role in chondrogenesis, Sox9 is
required for maintaining the structural integrity of the notochord. Mutant embryos establish a normal notochord; however, starting from E9.5, the
notochord disintegrates in a cranial to caudal manner. The late requirement in notochord development uncovered a function of notochord-derived
signals in inducing segmentation of the ventral sclerotome and chondrogenesis. Thus, Sox9 is required for axial skeletogenesis by regulating
notochord survival and chondrogenesis.
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The vertebral column is a metamerically organized axial
structure that mediates the rigidity as well as the mobility of the
vertebrate body. The development of this organ relies on the
proper specification and continued interaction of two embryonic
tissues: the somite-derived sclerotome and the notochord.
Somites are segmentally repeated units in the paraxial
mesoderm that form in a periodic fashion by epithelialization
of mesenchymal cells at the anterior end of the unsegmented
presomitic mesoderm (PSM). Later on, the ventral part of the
somite deepithelializes and forms the mesenchymal sclerotome.
The dorsal somite half remains epithelial, forming the
dermomyotome, which will give rise to striated muscles and
the dermis of the body. Cells in the ventral area of the
sclerotome migrate medially and form the perinotochordal tube.
This sclerotomal compartment is initially unsegmented but⁎ Corresponding author. Fax: +49 761 270 7041.
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representing the future intervertebral discs and intervening
regions that will undergo cartilage differentiation to form the
vertebral bodies (Christ and Wilting, 1992). The other vertebral
regions, neural arches and ribs, can be traced back to lateral and
dorsal sclerotomal regions (for reviews on somitogenesis and
vertebral column development, see Christ et al., 2000; Pourquié,
2001; Saga and Takeda, 2001; Gossler and Tam, 2002).
Somites do not only differentiate along the dorso-ventral
axis, they also become compartmentalized along the anterior–
posterior (AP) axis into two halves (reviewed in Christ et al.,
2004). This subdivision is established at the anterior end of the
PSM under the control of intrinsic Notch-Delta signaling in
conjunction with the transcription factor Mesp2 (Saga and
Takeda, 2001). AP-somite polarity is maintained during later
sclerotome differentiation under the combined control of
Uncx4.1 and Tbx18 transcription factors (Leitges et al., 2000;
Mansouri et al., 2000; Bussen et al., 2004). This maintenance is
important for vertebral development since each somite half
differentially contributes to the forming vertebra (Aoyama and
Asamoto, 2000; Huang et al., 2000). In addition, the vertebral
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paraxial mesoderm but becomes newly organized such that the
posterior half of the anterior somite and the anterior half of the
posterior somite will together form one vertebra. This process,
that has been coined resegmentation or Neugliederung (Remak,
1850), is crucial for vertebral mobility since myotomes follow
the original metamery of somites thus linking two adjacent
vertebrae together.
The notochord is an embryonic midline structure of
mesodermal origin that underlies the neural tube along its
entire length. In higher vertebrates, the notochord is a transient
structure serving both a structural role and acting as a local
signaling center for adjacent tissues. Being a tissue resembling
cartilage, the initial rod-like structure of the notochord confers
rigidity to the early vertebrate embryo before vertebral elements
take over this function. Then, notochord cells in the
intervertebral regions proliferate and undergo hypertrophy to
form the nuclei pulposi whereas notochord cells located in the
vertebral bodies are ossified. Positioned centrally in the embryo,
the notochord acts as a source of secreted factors that pattern
adjacent tissues along the left–right and dorso-ventral axes. In
this role, the notochord specifies ventral fates in the neural tube,
controls aspects of left–right asymmetry, induces pancreatic
fate and controls arterial versus venous identity of the major
blood vessels (for review, see Stemple, 2005).
The development of the notochord is tightly interwoven with
that of the vertebral column both structurally as well as
functionally. The notochord is ensheathed by the ventral
sclerotome-derived perinotochordal tube to become incorporat-
ed into the vertebral bodies and intervertebral discs, thus
showing tight physical interaction. In addition, notochord-
derived signals are pivotal for sclerotome induction and
patterning. Notochord (and floor plate)-derived signals induce
expression of Pax1 and Mfh1 in ventral somite halves that in
turn are essential to maintain sclerotomal proliferation. Both in
vitro experiments and genetic data suggest that notochord-
derived Sonic hedgehog in conjunction with Noggin induces
and maintains Pax1, and thus, sclerotomal fates (Fan and
Tessier-Lavigne, 1994; Johnson et al., 1994; Fan et al., 1995;
Münsterberg et al., 1995; Borycki et al., 1998; Teillet et al.,
1998). The notochord may play an additional role in sclerotome
patterning by conferring a segmental organization to its ventral
region. Ventral sclerotome is known to transiently lose its
segmental character but to regain it after condensation around
the notochord, suggesting that the notochord plays an
underappreciated but important role in vertebral (re)segmenta-
tion (Grotmol et al., 2003; Fleming et al., 2004).
SOX9 encodes a transcription factor featuring a high-
mobility group (HMG-box) DNA-binding domain similar to
that of the testis-determining factor, SRY. Heterozygous
mutations in and around SOX9 cause campomelic dysplasia, a
semilethal human skeletal disorder characterized by shortening
and bowing of the long bones in affected patients (Foster et al.,
1994; Wagner et al., 1994). Complete removal of Sox9 function
in mice has confirmed the role of the gene in chondrogenesis (Bi
et al., 1999, 2001; Akiyama et al., 2002), and has revealed
further requirements in testis development (Chaboissier et al.,2004; Barrionuevo et al., 2006), heart development (Akiyama et
al., 2004), trunk neural crest (Cheung et al., 2005) and spinal
cord development (Stolt et al., 2003). Expression of Sox9 in the
notochord and the sclerotome suggests an additional function
for Sox9 in notochord and vertebral column development, an
assumption that is supported by weak vertebral column defects
detected in Sox9 heterozygous null mutants (Bi et al., 2001).
Embryonic lethality of homozygous null mutants at E11.5
(Akiyama et al., 2004), however, has precluded the full analysis
of the requirement for Sox9 in vertebral column and notochord
development, to date. To circumvent this early lethality, we
have used a conditional approach of Sox9 inactivation that
allows the phenotypic characterization of highly mosaic Sox9
mutant embryos until E15.5. Here, we show that Sox9 is
necessary for the development of the notochord and the
perinotochordal sclerotome. Furthermore, our analysis uncovers
multiple requirements for notochordal signaling in (ventral)
sclerotome development.Materials and methods
Generation of Ck19-Cre;Sox9 flox/flox mice
Sox9flox/+ mice, originally on a 129P2/OlaHsd×C57BL/6 mixed genetic
background (Kist et al., 2002), were backcrossed onto the C57Bl/6 genomic
background for three generations, before heterozygotes were mated inter se to
generate mice homozygous for the Sox9 flox allele. Sox9flox/floxmice were crossed
with the Ck19-Cre transgenic mice that were also kept on a C57Bl/6 genetic
background (Harada et al., 1999), and the resulting Cre/+;Sox9flox/+ offspring
was backcrossed to Sox9flox/flox mice to obtain Cre/+;Sox9flox/flox mice. For
timed pregnancies, plugs were checked in the morning after mating, noon was
taken as embryonic day (E) 0.5. Genotyping was carried out on genomic DNA
derived from adult tails or embryonic yolk sacs using established PCR protocols
for the Ck19-Cre allele (Lecureuil et al., 2002) and for the Sox9 and Sox9flox
alleles (Kist et al., 2002).
Histological analysis
Skeletal preparations of embryos and of newborns were performed as
previously described (Nagy et al., 2003; Bussen et al., 2004). Embryos for
histological analyses were collected in PBS, fixed in Serra (ethanol: 37%
formaldehyde:acetic acid, 6:3:1), embedded in paraffin and sectioned to 7 μm.
Sections were stained with hematoxylin and eosin or with Alcian Blue and
Nuclear Fast Red. Histochemistry for β-galactosidase was carried out as
described (Echelard et al., 1994). Stained embryos were postfixed in 4%
paraformaldehyde in PBS, paraffin-embedded and sectioned to 7 μm.
Immunohistochemical analysis
Paraffin sections were deparaffinized in xylene and rehydrated into PBS
before antigens were recovered by boiling in sodium citrate buffer. Sections were
blocked in 5% goat serum for 2 h before the primary antibody (an affinity purified
anti-Sox9 rabbit antiserum directed against amino acids 182–229 of mouse Sox9
fused to amino acids 305–438, Stolt et al., 2003) was applied in a dilution of
1:200. After extensive washes in PBS/0.1% Tween-20, sections were incubated
in secondary biotinylated antibody (Vector Laboratories) for 1 h at room
temperature. After washing, sections were incubated with avidin–fluorescein
(Vector Laboratories) for 30 min at room temperature, counterstained with DAPI
and mounted with Vectashield mounting medium (Vector Laboratories).
Alternatively, endogenous peroxidase activity was quenched with 3% H2O2
in methanol after the antigen retrieval step. Sections were incubated with
Vectastain ABC reagent (Vector laboratories) diluted in blocking solution for
45 min after incubation with the secondary biotinylated antibody. Peroxidase-
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0.01% 3,3-diaminobenzidine, 0.0001% NiCl2 and 0.00001% H202. After
10 min, the reaction was stopped and sections were counterstained with Alcian
Blue and/or Nuclear Fast Red.
Detection of apoptotic cells in paraffin sections of E9.5 embryos (three
embryos of each genotype) was performed using a rabbit anti-caspase3 antibody
(R and D Systems, Cat# AF-835) according to a published protocol online (http://
www.ihcworld.com/_protocols/antibody_protocols/caspase3_r&d_system.htm).
In situ hybridization analysis
Section in situ hybridization analysis using digoxigenin-labeled antisense
riboprobes for T (Herrmann et al., 1990), Shh (Echelard et al., 1993) Col2a1
(Rahkonen et al., 2003), Agc1 (gift of J. Rohwedel), L-Sox5 and Sox6 (Lefebvre
et al., 1998), Pax1 (Schnittger et al., 1992) and Bapx1 (Lettice et al., 2001) was
performed following a published protocol (Zheng et al., 2001).
Whole-mount in situ hybridization was performed following a standard
procedure with digoxigenin-labeled antisense riboprobes (Wilkinson and Nieto,
1993). Stained embryos were transferred to methanol and cleared in
benzbenzoate/benzylalcohol (2:1) prior to documentation.
Results
Expression of Sox9 during early vertebral column development
Earlier work revealed expression of Sox9 mRNA in many
tissues of the developing mouse embryo, including the neural
crest, the otic placode and vesicle, and chondrocytes (Ng et
al., 1997; Zhao et al., 1997). However, a detailed profile of
Sox9 expression during early vertebral column development
has not yet been reported. Hence, we analyzed Sox9 mRNA
and Sox9 protein expression in cells and tissues involved in
early vertebral column development, including the notochord
and the sclerotome (Fig. 1). Whole mount in situ hybridiza-
tion analysis and section immunohistochemistry (IHC)
showed Sox9 mRNA (Figs. 1A and B) and Sox9 protein
expression (Figs. 1C–G) in the notochord from embryonic
day (E) 8.25 (3–5 somites) to E13.5 (arrows in Figs. 1A–G).
Sox9 expression was maintained in notochord derivatives, the
nuclei pulposi, from E13.5 onwards (Figs. 1K–M), with a
gradual reduction of the number of Sox9-positive cells (Fig.
1M). Sox9 positive cells were also detected in sclerotomal
cells at E9.5 and E10.5 (Fig. 1C). At E11.5, the
perinotochordal sclerotome was organized into alternate
stripes with low and high cell densities, reflecting prospective
vertebral and intervertebral regions (Figs. 1D and E). Sox9
remained expressed in the vertebral regions during chon-
drogenesis until E14.5 (Figs. 1F–J). At E15.5, coinciding
with the appearance of hypertrophic chondrocytes, expres-
sion of Sox9 was reduced in the center of the vertebral
bodies (Fig. 1J). In the intervertebral regions of E13.5 to
E15.5 embryos, the sclerotomal cells ensheathed the nuclei
pulposi to form the inner and outer annuli. During this period,
Sox9 expression was found in inner annuli chondroblasts
(Figs. 1K and M).
Generation of Ck19-Cre;Sox9 flox/flox mice
Homozygous Sox9 null mutants die at E11.5 due to cardiac
insufficiency (Akiyama et al., 2004). To circumvent this earlylethality and to open the possibility to analyze Sox9 function in
vertebral column development, we employed a conditional
deletion approach using Cre recombinase-catalyzed inactivation
of a floxed Sox9 allele. We used mice harboring a Cre insertion
in the Ck19-locus, Ck19-Cre, for this purpose. Under the Ck19
regulatory elements, Cre expression starts at functional levels
between E4.5 and E5.5 in 75–100% of all epiblast cells (Means
et al., 2005). Since the epiblast gives rise to the entire embryo,
this will result in mosaic embryos with a high but not complete
degree of cells that have expressed Cre. This was confirmed by
crossing Ck19-Cre mice with the reporter line R26R (Soriano,
1999). LacZ staining at E8.5 revealed that, in addition to the
notochord, most cells of the embryo were LacZ positive (Figs.
2A and B), consistent with earlier reports (Means et al., 2005).
Ck19-Cre;Sox9 flox/flox embryos were generated following the
mating scheme described in Materials and methods. Ck19-Cre;
Sox9 flox/+ were born in the expected Mendelian ratio, but 20%
of these mice showed generalized mild skeletal malformation
and died within the next 20 days. 80% of the newborns showed
minor skeletal abnormalities, including kinked tails, but were
viable and fertile (data not shown). They were used for
generating conditional Sox9 homozygous null mutants. Ck19-
Cre;Sox9 flox/flox embryos were recovered with a frequency of 1
in 30 until E15.5. At E15.5, the mutant embryos appeared
growth retarded. After this stage, mutant embryos were absent
from the litters. Analysis of Sox9 expression at E8.5 and E9.5
confirmed efficient inactivation of Sox9 throughout the
notochord and the sclerotome (Figs. 2C and D and 4D and E,
P and Q). Thus, Ck19-Cre-mediated Sox9 deletion partially
rescues the lethality of Sox9 null mutants allowing the analysis
of Sox9 requirement in the development of the vertebral
column.
Vertebral column defects in Ck19-Cre;Sox9 flox/flox embryos at
E15.5
To evaluate the requirement of Sox9 for vertebral column
development, we generated skeletal preparations of embryos at
E15.5, the last stage when live embryos of the genotype Ck19-
Cre;Sox9 flox/flox were recovered. In wild-type embryos of this
stage, Alcian Blue staining revealed a segmental organization of
cartilaginous vertebrae along the AP-extension of the axial
skeleton, and attached ribs in the thoracic region. In the ventral
region of the vertebral column, the metameric organization of
vertebral bodies and intervertebral discs was clearly visible
(Fig. 3A). In contrast, in Sox9 mutant embryos of the same
stage, cartilaginous elements of the vertebral column including
the vertebral bodies, the intervertebral discs and the ribs were
largely reduced (Fig. 3B), consistent with the well-known role
of Sox9 in chondrogenesis (Akiyama et al., 2002). Histological
stainings of sagittal sections of E15.5 embryos confirmed these
findings but additionally revealed differences in the phenotypic
severity of vertebral defects along the AP-extension of the
vertebral column in the mutant. In E15.5 wild-type embryos,
vertebral bodies consisted of a core of hypertrophic chondro-
cytes that was flanked by prehypertrophic and proliferating
chondroblasts. In the intervertebral regions, the nucleus
Fig. 1. Sox9 expression during early vertebral column development. (A and B) In situ hybridization analysis in whole E8.5 (A) and E9.5 embryos (B) reveals that Sox9
is expressed in the notochord (arrow) at both stages. (C) Sox9 IHC on transverse sections of the lumbar region of E10.5 embryos. Notochord (arrows) and ventral
sclerotome cells of the perinotochordal region (sc) are positive for Sox9 protein. (D–G) Sagittal sections through the perinotochordal area of the lumbar region of the
embryo. (D and F) Alcian Blue-stained sections of E11.5 (D) and E13.5 (F) embryos to identify the notochord (arrows), the vertebral regions (vr) and intervertebral
regions (ir). (E and G) Immunofluorescence for Sox9 showed that notochord cells (arrows) and prospective vertebral regions of E11.5 (E) and E13.5 (G) embryos
express Sox9. (H–J) Transverse sections of a vertebra in the lumbar region. At E14.5 (H), Alcian Blue staining revealed a core of hypertrophic chondrocytes (arrow)
surrounded by prehypertrophic cells. Sox9 is expressed in all vertebral chondrocytes at E14.5 (I), but not in hypertrophic chondrocytes of the vertebral core at E15.5
(J). (K–M) Transverse sections through an intervertebral disc of the lumbar region. (K) At E14.5, Alcian Blue-stained section shows a hydrated nucleus pulposus (np)
surrounded by a cartilaginous inner annulus (ia) and a mesenchymal outer annulus (oa). (L) Sox9 is expressed in the inner annulus, and in the nucleus pulposus at
E14.5. (M) At E15.5, the number of Sox9-positive cells is strongly reduced in the nucleus pulposus.
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outer annulus mesenchyme (Figs. 3C and E). In Ck19-Cre;
Sox9 flox/flox embryos, such a metameric pattern was no longer
evident (Figs. 3D, F–H). In the thoracic region, few irregularly
shaped aggregates of hypertrophic chondrocytes flanked by
prehypertrophic chondroblasts in association with a nucleus
pulposus of irregular shape without surrounding annuli were
found (Fig. 3F). In the lumbar region, neither cartilaginous
aggregates nor notochord remnants were identified. Instead,
loose mesenchyme filled the respective region (Fig. 3G). In themost caudal region of Sox9 mutant embryos, a cartilaginous
preskeleton of the vertebral column was established. Vertebral
bodies and intervertebral discs were, however, irregularly
organized (Fig. 3H).
In summary, severe reduction and malformation, respective-
ly, of cartilaginous elements of the vertebral column in Ck19-
Cre;Sox9 flox/flox embryos at E15.5 confirmed the requirement
for Sox9 in chondrogenesis as described before. The complete
lack of notochord derivatives in the lumbar region argued for an
independent role for Sox9 in the development of the notochord.
Fig. 2. Ck19-Cre mediates mosaic Sox9 deletion in all tissues of an E8.5 embryo. (A and B) β-galactosidase assay of Ck19-Cre;R26R embryos at E8.5. (A)
Widespread β-galactosidase activity revealed that Ck19-Cre-mediated recombination takes place in the entire embryo. (B) Cross-section of panel A showing that
most cells are LacZ positive. Note the β-galactosidase activity in the notochord (arrowhead). (C and D) Immunofluorescence for Sox9 in wild-type (wt) (C) and
Ck19-Cre;Sox9flox/flox embryos (mut) (D) at E8.5 shows loss of Sox9 expression in the notochord (arrowheads) in mutant embryos.
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Expression of Sox9 throughout notochord development and
absence of notochord-derived nuclei pulposi in E15.5 mutant
embryos suggested a role for this transcription factor in
establishing and maintaining, respectively, the notochord during
mouse development. In order to distinguish these possibilities,
we compared notochord development in wild-type and mutant
embryos from E8.5 to E10.5 (Fig. 4). Histological stainings of
serial sections revealed presence of a notochord in its normal
position ventral to the floor plate of the neural tube at E8.5 and
E9.5 in mutant embryos (Figs. 2D and 4E). At E10.5, the
continuity of the notochord was compromised in the cervical
and thoracic regions of the mutants (Figs. 4A and B). From
E10.5 on, we observed a progressive rostral to caudal loss of the
notochord, although islands of notochord tissue were main-
tained along the AP-axis. In the most distal tail region, the
notochord was always present (Fig. 4C).
Due to the mosaicism of the Ck19-Cre-mediated Sox9
deletion, we wondered whether disintegration of the notochord
would correlate with deletion of Sox9 in notochord cells. We
used immunohistochemical analysis of Sox9 protein expression
to score for successful recombination of the floxed Sox9 allele.
At E8.5 and E9.5, Sox9 protein was largely absent from the
notochord except for some Sox9-positive notochord cells that
were scattered along its AP-extension (Figs. 2D and 4E). From
E10.5 on, all the remnants of the notochord expressed Sox9
protein whereas the posterior region with a continuous
notochord was mosaic for Sox9-positive and -negative cells
(Figs. 4U, 5D and 6B and E). Lack of correlation of Sox9
protein expression with early but not with late notochord
integrity clearly argues that Sox9 is not required for early
notochord development but for its maintenance.
We confirmed the histological findings using an in situ
hybridization (ISH) analysis of molecular markers of thenotochord (Figs. 4F–Q). T (Brachyury) is expressed in the
primitive streak, node and developing notochord, and is
necessary for notochord survival (Wilkinson et al., 1990;
Herrmann and Kispert, 1994). T expression was clearly visible
as a continuous stripe along the midline of E8.5 to E10.5 wild-
type embryos (Figs. 4F, H and J). T expression was unchanged
in E8.5 Ck19-Cre;Sox9 flox/flox embryos (Fig. 4G). However, T
expression became discontinuous in the thoracic and cervical
regions of Ck19-Cre;Sox9 flox/flox embryos at E9.5 (Fig. 4I).
Loss of T expression progressively expanded posteriorly with
islands of T-positive notochord tissue remaining along the
midline (Figs. 4K and M). Expression of Sonic hedgehog, Shh,
another notochord marker (Echelard et al., 1993), was similarly
changed in Sox9 mutant embryos (Fig. 4O and data not shown).
Notably, T and Shh expression was found in Sox9-negative
notochord cells at E9.5. At E10.5, Sox9-positive notochord
remnants were also positive for T and Shh (data not shown),
indicating that the function of Sox9 in maintaining the
notochord is not directly mediated by T and Shh. CollagenIIa1
(Col2a1) is a downstream target of Sox9 during chondrogenesis
that is expressed in the notochord starting from E8.5 (Ng et al.,
1997; Zhao et al., 1997). In Sox9mutants, notochord expression
of Col2a1 was absent at E9.5, indicating that also in this tissue
Sox9 regulates Col2a1 expression (Fig. 4Q).
To explore the possibility that Sox9 mutant notochord cells
were eliminated by apoptosis, we analyzed sections of the
cervical and thoracic region of E9.0–E9.5 embryos with an
antibody recognizing cleaved caspase3, which detects cells in
the early stages of apoptosis. The assay was complicated by the
mosaicism of the mutant embryos and the small number of
notochord cells on each section. However, we detected an
increase of cells positive for cleaved caspase3 (7 out of 292
notochord cells counted in the mutant compared with 3 out of
304 in the control) indicating that Sox9-deficient notochord
cells are more sensitive to apoptosis (Figs. 4R and S).
Fig. 3. Histological analysis of Ck19-Cre;Sox9flox/flox embryos at E15.5. (A and B) Alcian Blue stainings of cartilaginous preskeletons in whole embryos at E15.5. (A)
Wild-type (wt); (B) widespread loss of vertebral elements in Ck19-Cre;Sox9flox/flox embryos (mut). (C and D) Alcian Blue stainings on sagittal sections of the thoracic
(t) and lumbar (l) regions of E15.5 embryos. (C) Wild-type embryo; (D) disruption of the ventral vertebral column in the thoracic region and absence in the lumbar
region of mutant embryos (ao—aorta, sc—spinal cord). (E–H) Higher magnification of Alcian Blue-stained sections of the vertebral column. (E) In the lumbar region
of wild-type embryos, cores of hypertrophic chondrocytes in the vertebral region (vr) are flanked by prehypertrophic chondrocytes; the intervertebral regions are easily
identified by the presence of nuclei pulposi (np). In Sox9 mutant embryos, remnants of the vertebral column are identified in the thoracic region (F). In contrast, in the
lumbar region (G), only a loose mesenchyme is identified. The caudal region (H) is less affected, although its development is also clearly impaired.
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sclerotome but for formation of perinotochordal aggregations
Formation of cartilaginous vertebrae is a multi-step process
that commences with the induction of the sclerotome from the
ventral somite halves. Sclerotomal cells migrate ventro-
medially and dorso-medially to surround the notochord and
the neural tube before they start to aggregate to form
mesenchymal condensations that will prefigure the cartilagi-
nous skeletal elements. Sox9 is expressed in sclerotomal cells
throughout this process, arguing that it may be required for
migration, expansion, aggregation and/or condensation of
sclerotomal cells. It is well established that the notochord
plays an important role in DV-patterning of somites and
sclerotome formation but its later role in sclerotome develop-
ment is less clear. The late requirement of Sox9 in notochord
development and the mosaic nature of its deletion in Ck19-Cre;
Sox9 flox/flox embryos offered a unique possibility to analyze the
role of Sox9 and the notochord, respectively, for the various
steps of the development of the ventral vertebral column.
In Ck19-Cre;Sox9 flox/flox embryos, the notochord was
established but disintegrated after E9.5. Hence, dorso-ventralsomite patterning and sclerotome formation occurred normally.
At E10.5, Sox9 was expressed in migrating sclerotomal cells
(Fig. 4T). In the mutant, Sox9-positive cells were reduced,
indicating a high rate of Ck19-Cre-mediated Sox9 deletion in
cells of the ventral sclerotome (Fig. 4U). Pax1 and Bapx1 were
expressed in the ventro-medial sclerotome of wild-type
embryos at E10.5 (Fig. 4V and data not shown). Expression
of both genes was unchanged in the mutant (Fig. 4W and data
not shown). In addition, the extension of the ventromedial
sclerotome region was maintained in the mutant (Figs. 4A and
B). Hence, Sox9 is not required cell-autonomously in
sclerotome development until E10.5.
In E11.5 wild-type embryos, HE stainings showed a
metameric organization of sclerotomal cells into the highly
condensed anlagen of the intervertebral discs and less
condensed regions that give rise to vertebral bodies (Figs.
5A and C). In contrast, in Sox9 mutants, the perinotochordal
area consisted of a homogeneous mass of loose mesenchyme.
This finding was independent of the presence of Sox9-positive
notochord tissue (Figs. 5B, D and F). We subsequently
analyzed expression of genes associated with aggregation and
patterning of the ventral sclerotome in wild-type and Ck19-
Fig. 4. Sox9 is required for notochord maintenance. (A–C) Alcian Blue-stained transverse section of an E10.5 embryo. (A) The notochord (arrowhead) underlies the
neural tube in wild-type (wt) embryos. (B) In Ck19-Cre;Sox9flox/flox embryos (mut), the notochord is absent. Double arrowheads show unchanged expansion of the
sclerotome in the perinotochordal area. (C) In the caudal region of Sox9 mutant embryos, the notochord (arrowhead) is present. (D and E) IHC for Sox9 expression at
E9.5. In wild-type embryos (D), notochord cells are Sox9-positive. In contrast, in Sox9 mutant embryos (E), Sox9-negative notochord cells are found. (F–K) Whole
mount in situ hybridization for T (Brachyury) expression at E8.5 (F and G), E9.5 (H and I) and E10.5 (J and K). Note the loss of continuous T expression starting from
E9.5 in the mutant. (L–O) In situ hybridization on sections at E10.5. Loss of Shh and T expression confirms that the notochord is absent in mutant embryos. (P and Q)
Section in situ hybridization analysis at E9.5 shows absence of Col2a1 expression in the Sox9 mutant notochord (arrowhead). (R and S) Caspase3 assay for
programmed cell death on sections at E9.5. Activated capase3 staining is visible in the mutant but not in the wt notochord (arrows). (T and U) IHC for Sox9 on sections
at E10.5. The number of Sox9-positive cells is reduced in the sclerotome (sc) of Sox9mutant embryos. Note that, in Sox9mutant embryos, the notochord remnants are
always Sox9 positive. (V and W) In situ hybridization on sections for Pax1 at E10.5 did not reveal differences between wild-type (V) and Sox9 mutants (W).
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less condensed mesenchymal regions fated to become
vertebral bodies in wild-type embryos (Fig. 5E). In the
mutant, sclerotomal cells failed to express Sox9 along the
entire AP-extension of the perinotochordal area except fromthe most distal regions (Fig. 5F). Aggrecan (Agc1) and Col2a1
are genes that code for extracellular matrix components
(Aszódi et al., 1998). They were both expressed in the
notochord and in the presumptive vertebral regions of the
perinotochordal area in the wild type (Figs. 5G and I). In Sox9
Fig. 5. Sox9 is required for the aggregation of sclerotomal cells in the perinotochordal area. Histological (A–D), immunohistochemical (E and F) and in situ
hybridization analyses (G and R) of sclerotome development in sections of the vertebral column of E11.5 embryos. (A and B) Alcian Blue stainings show that the
mesenchymal condensations (arrows) seen in wild-type (wt) embryos at E10.5 (A) are absent in the entire perinotochordal sclerotome of Ck19-Cre;Sox9flox/floxmutant
embryos (mut) (B). Note that even when the notochord was present (arrowhead), the mesenchymal condensations are not visible in the mutant. (C and D) High
magnification of hematoxylin/eosine-stained sections to identify the vertebral (vr) and intervertebral regions (ir). (E and F) IHC revealed that Sox9 is expressed in the
vertebral region and in the notochord of wild-type embryos (E). In Sox9 mutant embryos, Sox9-positive cells are detected only in the remaining notochord cells (F).
(G–N) Section in situ hybridization analysis revealed Col2a1, Agc1, L-Sox5 and Sox6 expression in the vertebral regions and in the notochord of wt embryos (G, I, K
and M). In Sox9 mutant embryos, expression persisted in the remaining notochord cells but not in the sclerotome (H, J, L and N). (O–R) Section in situ hybridization
analysis showed Bapx1 and Pax1 expression in the presumptive intervertebral regions of wt embryos (O and Q). In Sox9mutant embryos, the expression is maintained
in the sclerotome but does not show a metameric pattern (P and R). Arrowheads indicate notochord.
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remaining notochord cells (Figs. 5H and J). L-Sox5 and Sox6
are two related transcription factors that are co-expressed in all
condensing mesenchyme and cartilage but that are also
required for notochord survival (Lefebvre et al., 1998; Smits
and Lefebre, 2003). Both genes were expressed in notochord
cells and in prospective vertebral sclerotome surrounding the
notochord and neural tube in wild-type embryos (Figs. 5K and
M). In Sox9 mutant embryos, the expression of both genes
was completely absent in the perinotochordal sclerotome, but
was still present in the remnants of the notochord (Figs. 5L
and N). Bapx1 and Pax1 were highly expressed in the
presumptive intervertebral regions of wild-type embryos (Figs.
5O and Q). In Sox9 mutant embryos, expression was found in
the perinotochordal sclerotome albeit in an unsegmental
manner (Figs. 5P and R).
Taken together, this analysis revealed a failure to initiate AP-
segmentation of the perinotochordal sclerotome into alternatinganlagen of intervertebral discs and vertebral bodies in Ck-19-
Cre;Sox9 flox/flox mutant embryos at E11.5.
Short remnants of the notochord are sufficient to induce
chondrogenesis in the perinotochordal sclerotome
Starting from E11.5, the notochord was largely absent from
the trunk region of Ck19-Cre;Sox9 flox/flox embryos except for
small scattered islands of intact notochord tissue that were
positive for all marker genes tested including Sox9, Col2a1,
Agc1, L-Sox5, Sox6, T and Shh (Figs. 5F, H, J, L, N and data not
shown). This mosaicism allowed us to analyze the influence of
fragments of functional notochord on the further development
of the perinotochordal sclerotome.
In E12.5 and E13.5 wild-type embryos, the ventro-medial
perinotochordal sclerotome displayed a metameric pattern of
prospective vertebral regions undergoing cartilage differentia-
tion separated by intervertebral mesenchymal condensations.
Fig. 6. Cartilage differentiation in the perinotochordal sclerotome. (A–F) Histological analysis of the axial region of embryos at E12.5 (A–C) and E13.5 (D–F). IHC
for Sox9 followed by Alcian Blue staining allows identification of Sox9-expressing cells, and the deposition of extracellular matrix components. The notochord can be
easily identified lying between two highly positive Alcian Blue stripes corresponding to the notochord matrix sheath. In E12.5 and E13.5 wild-type (wt) embryos,
Sox9 is expressed in the notochord (arrowheads) and in the vertebral regions (vr) (A and D). In E12.5 Ck19-Cre;Sox9flox/flox embryos (mut), Sox9-positive cells are
detected in the notochord (arrowheads) and in the sclerotome adjacent to the remnants of the notochord (B). At E13.5, Sox9-positive cell aggregations deposited a
cartilage matrix (E). In the regions devoid of notochord cells, the sclerotome remains loosely organized (C and F). In situ hybridization on sections for Col2a1 and
Agc1 at E13.5 revealed co-expression of both genes in the notochord and in the vertebral regions of the wild type (G and H). In Sox9mutant embryos, the expression is
detected in the remaining notochord cells and in the cartilage cores (K and L). In situ hybridization on sections for Bapx1 and Pax1 shows that both genes are expressed
in narrow zones of the intervertebral regions (ir) in wild-type embryos (I and J). In Sox9 mutant embryos, the expression of both genes is detected in the surrounding
cartilage cores (M and N). Arrowheads indicate notochord.
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vertebral bodies and in the notochord (Figs. 6A and D). In
mutant embryos of the same stages, two contrasting situations
were found. In areas without notochord tissue (e.g. in the entire
lumbar region), the ventro-medial sclerotome remained as a
loose mesenchyme without any sign of Sox9 expression and
cartilage differentiation (Figs. 6C and F). In regions with
functional notochord tissue, Sox9-positive sclerotomal cells
condensed around these islands at E12.5 and started to initiate
chondrogenesis as revealed by Alcian Blue staining at E13.5
(Figs. 6B and E). These chondrogenic condensations did not
feature any regular pattern or shape, but their size was always
found to correspond to the length of the remaining notochord. In
E13.5 wild-type embryos, Col2a1 and Agc1 were highly
expressed in the vertebral regions and in the notochord (Figs.
6G and H), whereas Pax1 and Bapx1 were confined to narrow
zones of intervertebral mesenchyme (Figs. 6I and J). In Sox9
mutant embryos, the expression of Col2a1 and Agc1 was found
in the remnants of the notochord and in the adjacent cartilage
cores (Figs. 6K and L). Expression of Bapx1 and Pax1 was only
detected in mesenchyme surrounding these chondrogenic cores(Figs. 6M and N). Thus, in areas where the notochord remained,
a vertebral–intervertebral-like development was initiated. These
chondrogenic cores continued to grow, forming the structures
described in Sox9 mutant embryos at E15.5 (Figs. 2F and H).
This indicates that a short fragment of functional notochord
is sufficient to induce cartilage differentiation in Sox9-positive
perinotochordal sclerotome and a metameric-like pattern
resembling that of normal vertebral column development.
Discussion
The notochord, the defining structure of chordates, is an
important source of midline signals that pattern surrounding
tissues. Notochord development physically and functionally
intersects at different levels with the formation of the vertebral
column. Here we report that Sox9, the gene underlying
campomelic dysplasia in humans, is critically required for
notochord and vertebral column development. Although loss of
Sox9 in the notochord does not interfere with the establishment
of this tissue, it cannot be maintained during further
development. Our analysis also suggests that notochord-derived
137F. Barrionuevo et al. / Developmental Biology 295 (2006) 128–140signals are required for the segmentation of the ventral
sclerotome into vertebral bodies and intervertebral discs, and
for the induction of chondrogenesis therein.
Sox9 is required for notochord maintenance
The notochord arises in a multi-step process from the
chordamesoderm. Relatively few genes have been identified
that are required for the different steps of notochord
development in the mouse. Foxa2 mutants do not form a
node and lack all notochord cells (Ang and Rossant, 1994;
Weinstein et al., 1994). Homozygous Tmutants lack a node and
trunk notochord, but have notochord cells in the head process.
Embryos heterozygous for T establish a notochord but fail to
maintain it, suggesting a higher T requirement in the
maintenance phase (Herrmann and Kispert, 1994). Not1 that
encodes a homeobox transcription factor acts downstream of
Foxa2 and T and is specifically required for caudal notochord
development (Abdelkhalek et al., 2004). In Shh null mutant
mice, the notochord is established but disintegrates during
further development (Chiang et al., 1996). c-Jun and L-Sox5/
Sox6 encode transcription factors that are required relatively late
after establishment of a notochord for survival of notochord
cells (Smits and Lefebre, 2003; Behrens et al., 2003).
Ubiquitous mosaic deletion of Sox9 neither disrupted the
formation of chordamesoderm nor did it interfere with the
establishment of a functional notochord. However, starting from
E9.0, the notochord disintegrated in an anterior to posterior
wave. We failed to detect notochord expression of Sox8 and
Sox10 at E8.5 and E9.5 (data not shown) suggesting that
redundancy of SoxE family members is unlikely to account for
the lack of early notochord defects in Sox9 mutant embryos.
This, and the survival of notochord tissue in presence of Sox9,
argues for a cell-autonomous function of Sox9 in maintaining
notochord cells. T and Shh expression was normal at E8.0–E9.5
when Sox9 was largely absent from the notochord, suggesting
that Sox9 acts downstream of T and Shh but also of Foxa2 and
Not1 in the notochord. In contrast, Sox9 might control
expression of Col2a1 in the notochord as indicated by the fact
that expression of this gene was lost in Sox9-negative notochord
cells. However, Col2a1 is unlikely to be the only effector of
Sox9 function since mutants for Col2a1 have a later onset of
notochord defects (Aszódi et al., 1998). A more detailed
analysis is required to determine the cellular program regulated
by Sox9 in the notochord.
Notochord signals are required for multiple steps of sclerotome
development
Signals from the notochord and the floor plate are necessary
to induce the correct formation of sclerotomal cells from the
ventral half of somites, and their further maintenance and
survival (Pourquié et al., 1993; Teillet et al., 1998). On the
molecular level, these functions are mediated by secreted Shh
from the notochord and floorplate that acts in conjunction with
noggin on one hand and Pax1 and Mfh1 transcription factor
functions in the sclerotome on the other hand. Loss of Shh andPax1/Mfh1, respectively, leads to a massive reduction of
sclerotomal differentiation and vertebral column formation, as
does the experimental removal of the notochord (Fan and
Tessier-Lavigne, 1994; Fan et al., 1995; Johnson et al., 1994;
Münsterberg et al., 1995; Borycki et al., 1998; Teillet et al.,
1998).
Maintenance of Shh expression in notochord and floor plate
until E9.0–E9.5, and normal expression of Pax1 and Bapx1 in
the sclerotome until E10.5 in the Sox9mutant, suggest that Sox9
is not required for early notochord (and floor plate) develop-
ment and function. It also excludes a cell-autonomous function
for Sox9 in sclerotomal cells that migrate towards the midline.
Once ventral sclerotome cells have reached the perinoto-
chordal area, they loose their segmental restriction and form a
continuous perinotochordal tube. Shortly afterwards, an alter-
nating pattern of highly condensed intervertebral regions and
less condensed vertebral regions forms, suggesting that the
ventral sclerotome has gained a new segmental organization. At
E11.5, the ventro-medial sclerotome of Ck19-Cre;Sox9 flox/flox
embryos failed to acquire the mesenchymal condensations of
presumptive intervertebral regions but remained as an undif-
ferentiated mesenchyme. Expression of vertebral region
markers including Sox9 is abolished, whereas markers for
condensations of intervertebral discs (Pax1 and Bapx1) are
weakly expressed throughout the perinotochordal region in the
mutant. Hence, segmentation of the perinotochordal sclerotome
completely fails in the mutant.
For several reasons, we think that this phenotype is not due
to a direct role for Sox9 in the sclerotome but is secondarily
caused by the absence of (inducing signals from) a continuous
notochord. First, inactivation of Sox9 before formation of
mesenchymal condensations results in a complete absence of
both, cartilage and bones (Akiyama et al., 2002). In Ck19-Cre;
Sox9 flox/flox embryos, however, we see cartilage around the
remnants of notochord tissue at E12.5. This is compatible with
the notion that many Sox9-positive cells were detected in the
migratory sclerotome at E10.5, and Sox9 expression was
upregulated again in perinotochordal sclerotomal cells at E12.5,
indicating that sclerotome cells also possess the potency to
express Sox9 at E11.5. Hence, the reduction of Sox9-positive
cells in the sclerotome is unlikely to cause the non-segmentation
of the perinotochordal sclerotome. Second, in mice mutant for
sclerotome markers Pax1/Pax9 (Peters et al., 1999) or Bapx1
(Tribioli and Lufkin, 1999; Lettice et al., 1999), sclerotome
formation and initial induction of a prechondrocyte cell lineage
are normal, but later on the perinotochordal tube fails to
undergo cartilage differentiation, again showing that the
sclerotomal gene function is not required for the segmentation
of the perinotochordal tube. Correspondingly, in Col2a1 null
mutant mice that lack precartilaginous condensations, an initial
division into putative vertebral and intervertebral regions is seen
(Aszódi et al., 1998). Together, this argues that segmentation of
the perinotochordal sclerotome is imparted by signals from
adjacent tissues, most likely from the notochord. Experimental
support comes from notochord excision experiments performed
by Strudel (1955) in the chick. Removal of the notochord from
12–30 somite stage embryos leads to the formation of an
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Similar results were obtained in notochord ablation experiments
in neural plate stage urodele embryos (Kitchin, 1949; Holtzer,
1952; Holtzer and Detwiler, 1953). Furthermore, recent studies
in fish also indicate that the notochord may play an active role in
this process (Grotmol et al., 2003, Fleming et al., 2004).
Interestingly, these results argue for a critical role of the
notochord in inducing intervertebral condensations and repres-
sing vertebral chondrogenesis, respectively. However, the
precise timing of the notochord removal may greatly influence
the outcome of the experiment. Induction of segmentation in the
perinotochordal sclerotome may depend on a relatively long and
continuous piece of notochord. In our Sox9 mutant, the
relatively short remaining fragments of Sox9-positive, i.e.
wild-type notochord expressed all marker genes analyzed,
arguing for functional integrity. However, these notochord
remnants were not sufficient to induce intervertebral condensa-
tions and vertebral aggregation. This may reflect a requirement
for a continuous notochord but may also be caused by a failure
of reciprocal signaling between the short notochord fragments
and the reduced mass of surrounding sclerotome.
Thus, vertebral segmentation seems to derive from a dual
mechanism. First, from the resegmentation of anterior and
posterior halves of the lateral sclerotome into lateral
vertebral elements. Second, from the notochord-mediated
segmentation of the ventral sclerotome into vertebral bodies
and intervertebral discs.
At E12.5, chondrogenesis is initiated in the regions of the
future vertebral bodies along the perinotochordal tube.Until now,
itwas unclearwhether chondrogenesis occurs cell-autonomously
or non cell-autonomously in the sclerotome. Ourmosaic analysis
suggests that signals from the notochord play a pivotal role in this
process. In the upper trunk region of Ck19-Cre;Sox9 flox/flox
embryos, small fragments of wild-type notochord remain in an
undifferentiated mesenchymal sclerotomal mass at E11.5.
Starting at E12.5, Sox9-positive cells aggregated around this
notochord fragments and initiated the chondrogenic program.
Although this finding may argue for a direct role of notochord-
derived signals in inducing perinotochordal chondrogenesis, it
does not rule out a more permissive role of the notochord. Here,
the notochordmay act as a continuous source of signals important
for sclerotome survival and proliferation. Indeed, expression of
Shh that has been shown to act as a mitogen for sclerotomal cells
(Marcelle et al., 1999) is maintained in the late notochord,
compatible with such a notion. Additionally, it was shown that
mesenchymal aggregation and chondrogenesis occurs when a
certain cell density has been reached. Clearly, experimental
manipulations including notochord removal and ingrafting in
perinotochordal tubes need to be performed in a precisely
controlled temporal manner to elucidate the function of late
notochordal signaling on sclerotome development.
In summary, we suggest that the notochord acts as an
important signaling source in three consecutive steps during
vertebral column development. First, in the induction of
sclerotome from the ventral somite halves and the restriction
of dorsal somite derivatives. Second, by imparting a segmental
organization on the perinotochordal sclerotome. Third, by(indirectly) inducing chondrogenesis in the regions destined to
become vertebral bodies. In this sense, Sox9 both directly and
indirectly regulates vertebral column development by main-
taining notochord integrity and by triggering the chondrogenic
program in the sclerotome.
The notochord—a primitive cartilaginous tissue?
Consistent with its structural role in vertebrate embryos,
the notochord shares many features with cartilage (Stemple,
2005). Notochord cells are enveloped within a sheath of
extracellular matrix that contains different collagens (e.g.
Col2a1), proteoglycans (e.g. aggrecan) and glycoproteins,
typically found in cartilage. Moreover, both notochord and
chondrocytes express a similar set of transcriptions factors
including Sox9, L-Sox5 and Sox6. L-Sox5 and Sox6 are central
regulators of vertebral column development because of their
essential roles in cartilage formation and notochord cell
survival (Akiyama et al., 2002; Smits and Lefebre, 2003).
Sox9 has been shown to be a master regulator of
chondrogenesis, acting upstream of L-Sox5 and Sox6 and
directly regulating Col2a1 and Aggrecan in chondrocytes
(Chimal-Monroy et al., 2003). Our study on the phenotypic
consequences of Sox9 loss in the notochord lends additional
support to the notion of transcriptional networks conserved
between chondrogenesis and notochord development.
During a recent study on the transcriptional control of Sox9
expression, we have identified an enhancer element mediating
Sox9 expression in the node and notochord (Bagheri-Fam et al.,
2006). This element does not confer expression in chondrogen-
esis, indicating that Sox9 is controlled by a different set of
transcription factors in its function as a regulator of extracellular
matrix genes in chondrocytes on one hand and in the notochord
on the other hand. The expression of Shh and Twas unaltered in
the notochord of Sox9 mutant embryos, arguing that they act
upstream of Sox9. Shh is regulated by T and by Foxa2. The Sox9
notochord enhancer harbors a highly conserved Foxa2 binding
site suggesting that Sox9 is a direct target of Foxa2. Since the
notochord enhancer is conserved in the proto SoxE gene of the
invertebrate Ciona (Bagheri-Fam et al., 2006), urochordates
may have already established a Sox9-dependent regulatory
network for the control of some extracellular matrix genes that
was later co-adapted for chondrogenesis. Notably, the zebrafish
Sox9b gene is also expressed in the notochord (Li et al., 2002),
and the human Sox9 notochord enhancer is able to drive reporter
gene expression in the zebrafish notochord (I. Hess, U. Strähle
and G. Scherer, unpublished observations), demonstrating
functional conservation over at least 400 million years of
evolutionary separation.
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